Oxidized bases in DNA have been implicated in cancer, aging and neurodegenerative disease. We have developed an approach combining single-cell gel electrophoresis (comet) with fluorescence in situ hybridization (FISH) that enables the comparative quantification of low, physiologically relevant levels of DNA lesions in the respective strands of defined nucleotide sequences and in the genome overall. We have synthesized single-stranded probes targeting the termini of DNA segments of interest using a polymerase chain reaction-based method. These probes facilitate detection of damage at the single-molecule level, as the lesions are converted to DNA strand breaks by lesion-specific endonucleases or glycosylases. To validate our method, we have documented transcription-coupled repair of cyclobutane pyrimidine dimers in the ataxia telangiectasiamutated (ATM) gene in human fibroblasts irradiated with 254 nm ultraviolet at 0.1 J/m 2 , a dose $100-fold lower than those typically used. The high specificity and sensitivity of our approach revealed that 7, 8-dihydro-8-oxoguanine (8-oxoG) at an incidence of approximately three lesions per megabase is preferentially repaired in the transcribed strand of the ATM gene. We have also demonstrated that the hOGG1, XPA, CSB and UVSSA proteins, as well as actively elongating RNA polymerase II, are required for this process, suggesting cross-talk between DNA repair pathways.
INTRODUCTION
Oxidative damage to DNA has been implicated in multiple human pathologies (1) (2) (3) . It arises from attack by reactive oxygen species (ROS), generated either endogenously by cellular metabolic processes or environmentally from oxidizing agents and ionizing radiation. Oxidatively damaged bases in DNA are typically removed through base excision repair (BER). DNA glycosylases initiate this pathway by recognizing and releasing the altered bases, and the DNA is then incised at the resulting abasic sites; repair replication and ligation restore the integrity of the DNA. One of the major lesions induced by ROS is 7,8-dihydro-8-oxoguanine (8-oxoG) (4) , which has the propensity to mispair with adenine, causing G · C to T · A transversions (5) . Incorporation of adenosine opposite 8-oxoG during transcription generates mutant transcripts, which could direct the synthesis of faulty proteins (6) .
Transcription is crucial to cell function and survival. Therefore, although DNA damage may be distributed randomly throughout the genome, repair of transcriptionally active sequences could be more urgent than that in silent domains of the genome. Transcription-coupled repair (TCR), a sub-pathway of nucleotide excision repair (NER) that targets the transcribed strands of active genes, has been well characterized for bulky DNA photoproducts and adducts (7) (8) (9) . The methodologies used to study TCR of these lesions include the Southern blot approach (7, 8) and the ligation-mediated polymerase chain reaction (LM-PCR) (10) . These techniques require high doses of DNA damaging agents to induce detectable numbers of lesions. Recently developed methods use PCR amplification to detect oxidative base damage in DNA with high sensitivity. However, they cannot distinguish the specific type of DNA damage induced by ROS (11) , and they do not permit examination of repair at the strand-specific level (12) .
ROS attacks a wide variety of cellular components, including DNA, RNA, proteins (13) and lipids (14) , rendering cells much less tolerant of ROS than of short wavelength ultraviolet (UV) irradiation inducing equivalent numbers of DNA lesions, as the latter targets mainly nucleic acids. Furthermore, >20 different oxidized DNA *To whom correspondence should be addressed. Tel: +1 650 723 2425; Fax: +1 650 725 1848; Email: gspivak@stanford.edu lesions can be induced by ROS (15) . Thus, to study repair of low, physiologically relevant levels of specific oxidized DNA damage, new methodologies with high sensitivity and specificity are needed. Although it has been suggested that oxidation damage in DNA is repaired in a transcription-dependent manner (11, 12, 16) , direct and reproducible evidence of preferential repair of specific oxidized DNA bases in the transcribed strands of active genes has been lacking.
We have developed an ultrasensitive approach combining single-cell gel electrophoresis (comet) with fluorescence in situ hybridization (FISH) using strand-specific probes, to facilitate the quantification of low, physiologically relevant levels of specific DNA lesions in each strand of defined DNA sequences, for comparison with that in the genome overall. In this approach, cells were exposed to UV irradiation or treated with potassium bromate to generate cyclobutane pyrimidine dimers (CPD) or 8-oxoG in DNA, respectively. After incubation in cell culture medium for various periods of time to allow repair, cells were mixed with agarose and layered on microscope slides. Incubation of UV-damaged cells with T4 endonuclease V (17) or oxidatively damaged cells with human 8-oxoG DNA glycosylase (hOGG1) (18) generated single-strand breaks specifically at the respective lesion sites. Upon electrophoresis under alkaline conditions, DNA containing single-strand breaks becomes unwound and migrates away from the nucleus, the head of the comet, to form the tail. The percentage of DNA in the comet tail reflects the frequency of strand breaks and is used to quantify global genomic repair (GGR). A schematic representation of the assay is shown in Figure 1a .
We have previously used the comet-FISH approach with FISH signals localized in the comet head or tail to represent intact or damaged DNA segments, respectively (19) . However, lesions induced in a region adjoining the undamaged DNA segment of interest could also result in FISH signals appearing in the comet tail. In addition, damaged DNA segments near nuclear matrix-associated regions have limited mobility during electrophoresis, which may lead to their FISH signals being localized in the comet head (20) . To address these issues, we designed and synthesized single-stranded green and red fluorescent probes that hybridize specifically to the respective termini of the ataxia telangiectasia-mutated (ATM) gene. ATM is a protein kinase that phosphorylates several key proteins to activate DNA-damage checkpoints (21) . The choice of the ATM gene to study TCR of low levels of lesions was based on the following criteria: this gene is highly expressed in human fibroblasts throughout the cell cycle (22) , suggesting that the template strand of the ATM gene is actively transcribed; the 'non-transcribed' strand of the ATM gene is not used as the template for transcription of other genes; and because of the large size of the 146-kb ATM gene, a significant percentage of the ATM strands can be damaged with very low doses of DNAdamaging agents.
The conformation of the DNA in comet tails has been the subject of much speculation. A comprehensive study by Shaposhnikov et al. (23) postulates that in neutral comets, the DNA is double-stranded and arranged in linear arrays in loops that extend from anchorage points in the nuclear matrix, whereas in alkaline comets, the DNA is single-stranded and appears in globules that may be attached to the matrix or even to each other. These observations can be explained by the relative rigidity of double-stranded DNA, and the tendency of single-stranded DNA to acquire complex secondary structures on denaturation. Assuming that single-stranded DNA in the gel is a flexible polymer with 3D structures, the theoretical end-to-end distance of the ATM gene is <3 mm (24) . This predicts that for intact DNA, the green and red FISH probes targeting the termini of the ATM gene should appear adjacent to each other when examined with Â100 magnification in a fluorescence microscope. However, when a lesion is induced within the gene and subsequently converted to a strand break, the resulting DNA fragments will migrate to different locations upon electrophoresis under denaturing conditions, as previously shown by Horva´thova´et al. (20) . Consequently, the probes targeting the termini of the ATM gene should be separated, as shown in Figure 1b . Our experimental results confirmed this prediction. Thus, we concluded that the ATM strand contained a lesion when the distance between the green and red probes was >3 mm. In the representative images showing the bulk of the DNA ( Figure  1c ), Alexa 488- (Figure 1d ) and Alexa 594- (Figure 1e ) labeled probes hybridized to the respective ends of the ATM gene, and an overlay of the DNA and probes images (Figure 1f ), the adjacent green and red signals in the comet head indicate an intact ATM strand, whereas the separated green and red signals in the comet tail document a damaged ATM strand.
We have validated this method by demonstrating TCR of CPD in the ATM gene in human fibroblasts irradiated with 0.1 J/m 2 of UV, a dose $100-fold lower than those typically used in previous studies. We have documented that the CSB protein and actively transcribing RNA polymerase II (RNAP II) are required for TCR of low levels of CPD, and that the XPC protein is indispensable for repair of low levels of CPD in transcriptionally silent sequences, confirming previous results obtained with much higher levels of damage (9) . Of major importance, we have documented preferential repair of correspondingly low levels of 8-oxoG in the transcribed strand of the ATM gene in wildtype human fibroblasts and have shown that this requires actively transcribing RNAP II, and the TCR-specific factors CSB and UVSSA. Moreover, we show that hOGG1 and XPA are essential for TCR of 8-oxoG, suggesting the participation of both BER and NER in this process.
MATERIALS AND METHODS
Chemicals were purchased from Sigma-Aldrich, and bioreagents were acquired from Invitrogen unless indicated otherwise. Biotinylated forward primers synthesized with 1-dimethoxytrityloxy-2-(N-biotinyl-4-aminobutyl)-propyl-3-O-(2-cyanoethyl)-(N,N-diisopropyl)-phosphoramidite and natural reverse primers were prepared by the Stanford University Protein and Nucleic Acid Facility. Absorbance spectra were obtained on a Nanodrop 2000 spectrophotometer (Thermo Scientific).
Synthesis of strand-specific probes for comet-FISH
To amplify the fragments of interest, bacterial artificial chromosome (BAC) clone RP11-455M10 (BACPAC) containing the ATM gene was used as the template in PCR (30 cycles at 94 C for 1 min, 55 C for 1 min, 72 C for 1 min, followed by the last extension at 72 C for 10 min). PCR was carried out on a GeneAmp PCR System 2400 (Perkin Elmer) with 320 ng of BAC clone RP11-455M10, 400 pmol primers, 20 nmol each dATP, dCTP and dGTP, 6.7 nmol dTTP, 13.3 nmol aminoallyl-dUTP, 2.5 U Taq 
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Tail polymerase and 10 ml 10Â CoralLoad PCR buffer (Qiagen) in a total volume of 100 ml. Primers 1-44 and 45-88 with sequences as shown in Supplementary Table  S1 were used for amplification of the 3 0 region and the 5 0 region of the ATM gene, respectively. Primers were selected using Gene Fisher, http://bibiserv.techfak.unibielefeld.de/genefisher2/). The PCR products were purified using a PCR purification kit (Qiagen). Subsequently, 8 mg of combined PCR products were incubated with 40 mg of streptavidin-coated beads at room temperature for 30 min. The strand without biotin was isolated from beads by incubation with 20 ml of 0.1 M NaOH at room temperature for 10 min. The strand with biotin was obtained by denaturing streptavidin with a solution containing 10 mM ethylenediaminetetraacetic acid (EDTA) and 95% formamide at 90 C for 3 min. Both strands were purified with a nucleotide removal kit (Qiagen). Equal amounts of the two complementary strands were mixed in hybridization buffer (10 mM Tris, 50 mM NaCl and 1 mM EDTA, pH 7.5), heated to 95 C for 5 min and allowed to slowly cool to room temperature to anneal. The PCR product, separated single-stranded DNA, and annealed double-stranded DNA were characterized by 1.5% standard agarose gel electrophoresis.
To fluorescently label the probes, single-stranded PCR products targeting the 3 0 or 5 0 region of the ATM TS or NTS were combined. The combined probes (1 mg) were mixed with 3 mmol NaHCO 3 , 20 mg Alexa fluorophore and 2 ml DMSO in a total volume of 10 ml and incubated at room temperature for 2 h. The fluorescently labeled probes were subsequently purified with a nucleotide removal kit and characterized by electrophoresis in 1.5% standard agarose gels. The labeling number of the generated fluorescent probes was determined by the equation: 2 /s for 7 s; the cells were then incubated in culture medium for specified repair times. To induce oxidation damage in DNA, cells were washed twice with Hank's buffered salt solution and incubated in Hanks' buffered salt solution with 50 mM KBrO 3 and 200 mM glutathione at room temperature for 1 h. Subsequently, cells were washed twice with PBS and incubated in culture medium for specified repair times. For experiments involving a-amanitin, cells were preincubated in culture medium with 10 mg/ml a-amanitin for 90 min. After inducing DNA damage, cells were further incubated in culture medium with 10 mg/ml aamanitin for specified repair times.
Comet-FISH with strand-specific probes
Microscope slides (VWR) were coated with 1% agarose and stored at room temperature for at least 2 weeks. Cells were harvested, washed with PBS and suspended in PBS at 2 Â 10 5 cells/ml. Eighty-five microliters of the mixture containing a 1:1 ratio of cell solution and 1.2% low-melting point agarose was added onto each agarosecoated slide. The slides were covered with cover slips and placed at 4 C for 30 min. After the cover slips were removed, the slides were incubated in lysis solution [2.5 M NaCl, 100 mM EDTA, 10 mM Tris-HCl, pH 10, with 10% dimethyl sulfoxide (DMSO) and 1% Triton X-100 added just before use] at 4 C overnight. For UVtreated cells, the slides were washed three times with 1Â T4 endonuclease V reaction buffer (100 mM NaCl, 10 mM EDTA and 10 mM Tris, pH 8.0) at 4 C for 5 min and then incubated with a 1:500 dilution of T4 endonuclease V (a gift from S. Lloyd) in 1Â reaction buffer at 37 C for 45 min in a humidified chamber. For KBrO 3 -treated cells, the slides were washed three times with 1Â hOGG1 reaction buffer [1 mM EDTA, 1 mM dithiothreitol (DTT), 100 mg/ml bovine serum albumin and 20 mM Tris-HCl, pH 8.0] at 4 C for 5 min and subsequently incubated with hOGG1 (Trevigen) diluted 1:1000 in reaction buffer at 37 C for 45 min in a humidified chamber. After enzyme treatment, the slides were placed in a gel electrophoresis tank and incubated with cold electrophoresis buffer (300 mM NaOH and 1 mM Na 2 EDTA, pH > 13) for 40 min. Electrophoresis was conducted at 24 V and 300 mA for 30 min. After washing three times with neutralization buffer (0.4 M Tris, pH 7.5) for 5 min each at 4 C, the slides were incubated with 100% ethanol at 4 C for 30 min and with 0.5 M NaOH at room temperature for 25 min. The slides were dehydrated with 70, 85 and 95% ethanol in water for 5 min each at room temperature and left to air-dry.
To perform FISH, 10 ml of probe mixture [20 ng fluorescent probes, 10 mg Cot-I DNA, 10% dextran sulfate, 50% formamide and 2Â saline-sodium citrate buffer (300 mM NaCl and 30 mM sodium citrate, pH 7.0)] was heated at 73 C for 5 min and incubated at 37 C for 20 min. Then, the prepared comet slides were incubated with the probe mixture in a humidified chamber at 37 C overnight. After washing twice with 50% formamide, 2Â saline-sodium phosphate EDTA (SSPE) buffer (300 mM NaCl, 20 mM NaH 2 PO 4 and 2 mM EDTA at pH 7.4) at 37 C for 10 min, once with 2Â SSPE at 37 C for 10 min and once with 1Â SSPE at room temperature for 5 min, the slides were incubated with 1 mg/ml 4 0 ,6-diamino-2-phenylindole (DAPI) in 1Â PBS at room temperature for 15 min. Subsequently, 20 ml of Prolong Gold antifade reagent was added to the air-dried slides, which were then covered with cover slips and stored at 4 C in the dark.
Comet-FISH analysis
The slides were imaged using an epifluorescence microscope (Nikon Eclipse 80i) through a Â100 objective. Images were captured with a Clara interline CCD camera (Andor) and NIS-Elements BR 3.10 imaging software. Chroma filters 49 000, 49 002 and 49 008 were used for DAPI, Alexa 488 and Alexa 594, respectively. GGR analysis was performed on 30 cells randomly selected at the center of each slide by using ImageJ software to acquire the density of DAPI stain and calculating the per cent of DNA in the comet tails, after subtracting the background fluorescence from a neighboring dark area of equivalent size. To study strand-specific repair of the ATM gene, 30 randomly selected cells were analyzed, and three independent experiments were conducted for each data point. Two sets of slides were processed in parallel and hybridized with probes for the TS or the NTS. Separated green and red spots with a distance of >3 mm were judged to indicate damaged DNA strands; adjacent green and red spots or those separated by <3 mm were considered intact DNA strands.
RESULTS

Design and synthesis of strand-specific probes for comet-FISH
To study TCR of DNA lesions using the comet-FISH approach, strand-specific FISH probes are required to distinguish damage in the transcribed strand (TS) and the non-transcribed strand (NTS). Additionally, the probes should be $250 bases in length to achieve optimal gel penetration and ideal hybridization efficiency and specificity (25) . To generate strand-specific probes with optimal length, we have developed a PCR-based approach to prepare fluorescent single-stranded DNA probes (Figure 2a) targeting the 10-kb regions at the 3 0 and 5 0 termini of the ATM gene. The probes were synthesized by using aminoallyl-dUTP, biotinylated forward primers and natural reverse primers to amplify the DNA segments of interest by PCR. To separate the two strands of PCR products, biotinylated PCR products were immobilized on streptavidin-coated beads. Under alkaline conditions, the strand without biotin was separated from the strand with biotin and released from the beads. Streptavidin was then denatured to release the strand with biotin. The resulting single-stranded probes, with or without biotin, exhibited reduced mobility in agarose gels compared with the double-stranded PCR products (Figure 2b) , indicating that the two DNA strands have been successfully separated. This is further confirmed by the fact that the annealed product of the complementary single strands had the same mobility as the original double-stranded DNA (Figure 2b ). Subsequently, we labeled the single-stranded probes targeting the 3 0 and 5 0 regions of the ATM gene with Alexa 488 and Alexa 594, respectively (Figure 2a) . The amino groups on the PCR products generated by incorporation of aminoallyl-dUTP were coupled with Nhydroxysuccinimide (NHS) ester-modified fluorophores. The fluorescently labeled probes were purified and analyzed by gel electrophoresis. The reduced mobility of these probes (Figure 2c ) compared with that of the double-stranded PCR products (Figure 2b) indicates that the probes are single-stranded. Co-localization of fluorophores and DNA on the agarose gel (Figure 2c ) confirms that fluorophores have been successfully conjugated to the single-stranded probes. We also characterized the fluorescently labeled probes by absorption spectroscopy (Figure 2d and e). The relative peak height data further confirms that Alexa fluorophores are successfully coupled to single-stranded PCR products. From the absorption spectra, we calculated that about six Alexa fluorophores (Supplementary Table S2) were conjugated per 100 bases. This labeling number is in the optimal range to maximize the fluorescent signal from each probe molecule and to avoid self-quenching from fluorophores in close proximity (26) . These singlestranded probes with optimal length and labeling number satisfy the key requirements necessary for applying the comet-FISH approach to study TCR of DNA lesions.
Requirement for CSB and actively transcribing RNAP II in TCR of low levels of CPD TCR is a sub-pathway of NER that specifically removes transcription-blocking lesions in the template DNA strands of actively transcribing genes, but not in other regions of the genome, including those in the nontranscribed strands of active genes. It has been established that CSB and transcribing RNAP II are indispensable for TCR of CPD induced by UV irradiation at 10-20 J/m 2 , whereas XPC is required for repair of these high levels of CPD in transcriptionally silent sequences (9) . Those earlier results were confirmed when we used our comet-FISH methodology to investigate TCR and GGR of CPD induced with 0.1 J/m 2 of UV irradiation in wild-type, CSB and XPC cells. In most of the comets, we observed two sets of adjacent green and red signals (Supplementary Figure S1 ) or one set of adjacent signals and one set of separated signals (Figure 1c-f) , indicating no damage or one damaged ATM strand, respectively. Two sets of wellseparated green and red signals, resulting from damage in both ATM strands, were observed in 5-10% of the cells (Supplementary Figure S2) .
The number of strand breaks at CPD sites within the TS and the NTS of the ATM gene in 30 wild-type human fibroblasts was analyzed in triplicate experiments at 0, 8 and 24 h after UV irradiation (Figure 3a) . In these experiments, $12 of the TS and NTS were damaged initially or 17% of $72 ATM strands ($80% of cells in G 0 / G 1 phase and $20% of cells in S and G 2 /M phases), indicating that the induction of lesions was similar in both strands, and that the likelihood of inducing more than one CPD within a single ATM strand is limited at this dose. Therefore, assuming that the majority of damaged strands contain only one CPD, we estimated that $1.3 CPD were induced in 10 6 bases with 0.1 J/m 2 of UV irradiation. These results are consistent with those calculated by other methods (27, 28) . Within 8 h, most of the damaged TS were repaired, whereas only $4 NTS of 12 had been repaired. Even after 24 h, half of the damaged NTS remained unrepaired. These results indicate that TCR of low levels of CPD can be successfully quantified (P < 0.01) using the comet-FISH approach. On the other hand, the TS and NTS of CS-B cells were repaired at similar rates (Figure 3b ), which closely resemble the repair rate of the NTS in wild-type cells. These results confirm that CSB is required for TCR of low levels of CPD. The repair kinetics of the TS in XPC cells ( Figure  3c ) closely resemble that in wild-type cells, confirming that XPC is not required for TCR of CPD. Repair of CPD in the NTS in XP-C cells was negligible, demonstrating that XPC is necessary for removal of CPD in transcriptionally silent sequences. When we used a-amanitin to inhibit RNAP II in XP-C cells, we observed that both the TS and NTS were unrepaired (Figure 3d ), resembling the repair rate of the NTS in XP-C cells without a-amanitin treatment. These results indicate that actively transcribing RNAP II is required for TCR of CPD.
GGR of low levels of CPD was also quantified. In control experiments without T4 endonuclease V treatment, most of the DNA remained in comet heads (Supplementary Table S3 ), confirming that the specific lesion analyzed in this study is CPD. In wild-type (Figure 3e ) and CSB cells (Figure 3f ), the lesions in the genome overall were repaired at similar rates, showing that CSB is not required for repair of low levels of CPD in transcriptionally silent sequences. No GGR was detected in XPC cells (Figure 3g ) or a-amanitin-treated XPC cells (Figure 3h ), indicating that XPC is indispensable for the repair of low levels of CPD in transcriptionally silent sequences. In all experiments, the repair rates for the NTS closely resemble those in the genome overall, implying that low levels of CPD in the NTS of active genes are repaired in a similar manner to those in other transcriptionally silent sequences, as previously shown for much higher levels of CPD (9) .
Requirement for CSB, UVSSA and actively transcribing RNAP II for preferential repair of 8-oxoG in the TS of ATM After validating the comet-FISH methodology by confirming TCR of low levels of CPD, we used the same approach to measure repair of 8-oxoG in the respective strands of the ATM gene and in the genome overall to determine whether 8-oxoG in the TS of actively transcribing genes is preferentially removed compared with those in transcriptionally silent sequences. To induce 8-oxoG and reduce endogenously generated ROS (29), we incubated wild-type cells with 50 mM potassium bromate and 200 mM glutathione at room temperature for 1 h. The number of DNA strands from the ATM gene with breaks induced by incision at 8-oxoG sites by hOGG1 in 30 wild-type cells was analyzed at 0.5, 8 and 24 h after removing the drugs (Figure 4a ). In these experiments, $16 TS or NTS in $72 ATM strands were damaged 0.5 h after the KBrO 3 treatment, indicating an even distribution of oxidized damage between the two strands. We calculated that $1.7 8-oxoG were detected in 10 6 bases under our conditions. After 8 and 24 h of repair, $7 and $12 damaged TS were repaired, whereas only $2 and $7 NTS were repaired, respectively. These results provide direct evidence that 8-oxoG in the TS of an actively transcribing gene are preferentially repaired compared with those in transcriptionally silent sequences.
To investigate whether CSB, UVSSA and actively transcribing RNAP II are required for preferential repair of 8-oxoG in the TS, we induced 8-oxoG in CS-B, UV S S-A and a-amanitin-treated wild-type cells, followed by quantification of repair in the respective strands of the ATM gene. The TS and NTS in CS-B cells (Figure 4b ), UV S S-A cells (Figure 4c ) and a-amanitin-treated wild-type cells ( Figure 4d ) were repaired at similar rates, which closely resemble the repair rate of the NTS in wild-type cells without the a-amanitin treatment (Figure 4a dashed line) . These results indicate that CSB, UVSSA and actively transcribing RNAP II are required for preferential repair of 8-oxoG in the TS of active genes.
We also examined GGR of 8-oxoG. Without hOGG1 treatment, nearly 99% of the DNA remained in comet heads in cells after 30 min of repair (Supplementary Table  S4 ), indicating that at that time, few strand breaks or alkali-labile sites were present in wild-type, CS-B and UV S S-A cells, and that the specific lesion analyzed in this study is 8-oxoG. Although hOGG1 also recognizes 2,6-diamino-4-hydroxy-5-formamidopyrimidine lesions, treatment with potassium bromate does not generate significant levels of these lesions (30) . In wild-type cells (Figure 4e ), CS-B cells (Figure 4f ), UV S S-A cells (Figure 4g ) and a-amanitin-treated wild-type cells (Figure  4h ), the lesions in the genome overall were repaired at similar rates. In all the cells, the rates of removal of 8-oxoG from the NTS and from the genome overall were similar. Wild-type cells not treated with KBrO 3 and incubated with hOGG1 had an average of 22.6 ± 10.9% DNA in comet tails, representing endogenously induced hOGG1-sensitive sites in addition to the small contribution of frank strand breaks and alkaline-sensitive sites stated earlier in the text. Similar levels of endogenous damage have been published by other groups (20) .
DNA repair pathways required for TCR of 8-oxoG
Oxidized bases in DNA are repaired through the BER pathway, which is initiated by specialized glycosylases that recognize subsets of lesions, removing them to create abasic (AP) sites. AP sites in turn are cleaved by AP endonuclease activities within the same glycosylases, or by apurinic apyrimidinic endonuclease 1 (APE1) in humans. hOGG1 is the only human glycosylase dedicated to remove 8-oxoG from double-stranded DNA. We examined the role of hOGG1 in TCR of 8-oxoG by performing comet-FISH experiments with potassium bromate-treated cells that had been transfected with a vector expressing anti-hOGG1 shRNA. The treatment time was reduced from 60 to 40 min to obtain a lower effective dose, so that not all DNA would migrate to comet tails and to minimize the number of ATM strands containing more than one 8-oxoG. The data clearly show that hOGG1 is required for both GGR and TCR of 8-oxoG in human cells (Table 1A) . According to the manufacturer, the knocked down hOGG1 cells (KD) retain 32% hOGG1 activity when compared with control cells; this remaining activity might explain the small amount of repair of 8oxoG observed. As expected, the overall incidence of 8-oxoG in the KD cells was increased (P < 0.0001) compared with that in the wild-type cells; control KD cells treated with KBrO 3 but not incubated with hOGG1 also exhibited increased amounts of DNA in comet tails, 8.7 versus 1.5% in wild-type cells (Supplementary Table S4 ). The apparently similar numbers of 8-oxoG in ATM 30 min after treatment in wild-type cells (16.3 ± 2.1 and 16.0 ± 1.7 in the TS and NTS, respectively) and KD hOGG1 cells (Table 1) resulted from the different duration of the treatment, 60 min for wild-type and 40 min for KD cells; assuming a The percent lesions remaining were calculated in relation to those observed at the 0.5 h time point. Control cells were treated with potassium bromate but not digested with hOGG1.
linear correlation between exposure time and damage, KD hOGG1 cells exposed to KBrO 3 for 60 min would sustain lesion frequencies of 25.5 and 25.1 in the TS and NTS strands of ATM, respectively. Our finding that CSB and UVSSA are needed for TCR of 8-oxoG suggests the involvement of NER. The XPA protein is an absolute requirement for both GGR and TCR of bulky DNA adducts and modifications such as CPD. Primary skin fibroblasts from an XP-A patient were treated with potassium bromate for 1 h, and repair of 8-oxoG was analyzed by comet-FISH. The results, shown in Table 1B , indicate that XP-A cells were deficient in TCR of 8-oxoG. We found a higher incidence of hOGG1-sensitive lesions in XP-A cells at 0.5 h, both in the genome and in ATM strands. Parlanti et al. (31) reported variable levels of 8-oxoG measured in different wild-type and XP-A cell lines; thus, we cannot attribute our observation to a defect in XP-A. Global repair of the lesions exhibited a slower rate when compared with that in wild-type cells, which had 87.1 and 53.3% of the lesions remaining 8 and 24 h after treatment, respectively. Background levels of DNA strand breaks were also elevated in KBrO 3 -treated XP-A cells (Supplementary Table S4 ).
Time course of repair of 8-oxoG
The data shown in Figure 4 indicate that repair of 8-oxoG takes place with relatively slow kinetics, whereas several reports state rapid repair with nearly 50% of the lesions removed rapidly after being induced (11, 32) . The design of our experiments included a 30-min incubation of the cells after removal of potassium bromate, to allow repair of frank single-strand breaks, and thus reduce the background of DNA in comet tails. Although this approach yielded clean results with very low damage in control cells, it may have caused an underestimation of the initial amount of damage. Indeed, harvest of wild-type cells immediately after 60-min incubation with KBrO 3 resulted in 26.0 ± 1.7 and 26.3 ± 3.5 hOGG1-induced breaks in the TS and NTS of ATM, respectively. These results suggest that $40% of the 8-oxoG are repaired within the first 30 min of post-treatment incubation and are in agreement with the dual kinetics of repair of 8-oxoG previously reported, with a fast early phase and a slower later phase. KBrO 3 -treated cells not incubated with hOGG1 exhibited a small amount of damage, 10.9 ± 5.3% of DNA in comet tails on average, reflecting frank breaks or alkaline-sensitive sites that are not substrates for hOGG1. As aforementioned, after 30 min of repair, this background was reduced to 1.5% DNA in comet tails.
DISCUSSION
We have designed and synthesized strand-specific fluorescent probes and used them in an improved, ultrasensitive comet-FISH approach to quantify TCR and GGR of low, physiologically relevant amount of specific DNA lesions. This approach has been validated by confirming that CSB and actively elongating RNAP II are required for TCR of low levels of UV-induced CPD in the TS of the ATM gene, and that XPC is indispensable for GGR of low levels of CPD.
We have then documented the preferential repair of 8-oxoG in the TS of an active gene and have shown that actively transcribing RNAP II is required for this process. We have also demonstrated that CSB, UVSSA, hOGG1 and XPA are indispensable for TCR of 8-oxoG. We ascertained that the apparent slow course of repair of 8-oxoG was due to underestimation of the initial number of lesions, caused by our experimental design in which we allowed the cells a 30-min period of repair immediately after treatment with KBrO 3 to eliminate frank strand breaks from the background. In our conditions, a fast phase of repair of 8-oxoG throughout the genome occurs during the first half hour, such that we found no significant differences in the number of lesions in the TS and NTS of ATM at the 30-min time point. Preferential repair of lesions in the TS becomes evident at later times, when repair in the genome overall and in the NTS slow down (Figure 4) . Moreover, what we call 'initial damage' is actually the result of a steady-state of lesions induced plus lesions repaired within the entire hour of treatment, thus the kinetics of repair we show here might miss a portion of the fast phase.
Although the characteristic sun sensitivity in CS and UV S S patients is due to the defect in TCR of UVinduced lesions, the molecular basis for the severe developmental and neurological deficiencies in CS individuals remains unexplained. CS cells exhibit elevated levels of ROS and oxidative base damage in DNA (33) (34) (35) , and defective mitochondrial function leading to increased amounts of ROS has been documented in these cells (36, 37) . These observations support the hypothesis that excessive endogenous DNA damage and/or defects in the processing of such damage leads to cell death, thus depleting essential tissues and organs.
Individuals with UV-sensitive syndrome are sun-sensitive and exhibit pigmentation anomalies. In contrast with most other DNA repair-deficient diseases, UV S S patients do not present with any neurological or developmental abnormalities. UV S S cells are UV-sensitive, defective in recovery of RNA synthesis after UV-irradiation and defective in TCR of UV-induced CPD; these characteristics are in common with those of CS cells (38) . Experiments to test the sensitivity to treatment with oxidants, and host cell reactivation assays with plasmids containing 8-oxoG and thymine glycol lesions indicated that unlike CS cells, UV S S cells have wild-type capability to process oxidative base lesions (16) . Given these observations, we anticipated that UV S S cells would exhibit preferential repair of DNA oxidation lesions in the transcribed strand of ATM, and we were, therefore, surprised to find that TCR of 8-oxoG is just as defective as in CS-B cells. This result warrants reconsideration of our model. The wild-type resistance to oxidation and the efficient recovery of expression of an oxidatively damaged reporter gene in UV S S cells could be explained by efficient transcriptional bypass of oxidized bases in the template DNA, implying that this process could be defective in CS cells. Indeed, there is evidence for a role of CSB in stimulation of transcription past 8-oxoG and thymine glycol lesions (39,40); similar roles for cyclosporin A or UVSSA have not been investigated as far as we know.
Most 8-oxoG lesions are repaired through the BER pathway. Although BER can be stimulated by certain NER factors such as CSB and XPG (the protein defective or absent in xeroderma pigmentosum complementation group G patients), the pathway does not require factors associated with NER (41). Our model for TCR implies that a paused RNAP II acts as an antenna to recruit repair factors. Various laboratories using in vitro assays with different nucleotide sequence contexts, promoters and RNA polymerases have detected either no transcription arrest by 8-oxoG (42, 43) or varying degrees of arrest (39) . Therefore, it is possible that only a subset of 8-oxoG blocks RNAP II directly. However, intermediates in the BER pathway including abasic sites and strand breaks can block transcription (9, 44, 45) and consequently initiate TCR of 8-oxoG. BER can also occur when a glycosylase such as Neil2 incises 8-oxoG within the single-stranded bubble generated by transcription, as suggested in human cells (12) . TCR of oxidized lesions through any of these scenarios could require a crossover from BER to NER, which to date has not been demonstrated. Alternatively, BER factors could be recruited to stalled RNAP, as proposed by Banerjee et al. (12) . Our results showing that hOGG1 and XPA are essential for TCR of 8-oxoG suggest a hypothetical scenario, depicted in Figure 5 , involving lesion-specific glycosylases detecting and removing damaged or abnormal bases in actively transcribed DNA strands; the resulting AP sites or the single-strand breaks generated by AP-endonucleases arrest RNAP, leading to recruitment of TCR factors and downstream steps in NER. Further studies will be needed to elucidate the roles of various repair enzymes and pathways in TCR of oxidized DNA lesions.
The comet-FISH assay with strand-specific probes that we have developed has the following advantages: (i) the homogenous size of the probes, 250 bases, leads to optimal gel penetration, hybridization efficiency and specificity; (ii) single-stranded probes permit the analysis of repair rates in the complementary DNA strands in defined sequences; (iii) using multiple probes labeled with the desired number of fluorophores to target the 3 0 or 5 0 of the DNA segments, our approach eliminates the signal amplification steps used in previous comet-FISH approaches (20) ; (iv) detecting damaged DNA strands at the single-molecule level rather than needing to amplify them by PCR (11, 12) , our method avoids the background generated by different amplification efficiencies; and (v) only specific lesions are recognized as substrates by endonucleases or glycosylases, leading to the high specificity of our method.
The comet-FISH approach with single-strand probes can quantify various DNA lesions and DNA modifications at physiological levels, allowing the study of damage induction and removal in each DNA strand in defined sequences at the single-molecule level, and in the genome overall in individual cells. These DNA lesions and modifications include different lesions corrected by NER or BER pathways, DNA single-strand breaks and double-strand breaks generated at chromosomal fragile sites (46) or induced by ionizing radiation, 5-formylcytosine and 5-carboxylcytosine involved in active DNA demethylation through BER (47) and ribonucleotides in DNA removed by ribonuclease H (48) . By using multispectral fluorescent tags with distinguishable emission signatures (49) to label the strand-specific probes, the comet-FISH approach could enable the analysis of DNA lesions in multiple designated regions in the genome in single cells. Coupled with a highthroughput comet assay (50), our approach could simultaneously quantify TCR and GGR under a variety of conditions including different cell types, repair times, damaging agents and inhibitors of repair enzymes. This methodology could have wide applications, especially in drug screening to develop inhibitors for specific repair pathways to be used in conjunction with DNA damaging agents for synthetic lethality-based chemotherapy regimens. (1) is recognized by a glycosylase and converted to an abasic site (2) . This intermediate product, or the subsequent single-strand break generated by an AP endonuclease (3), is repaired via BER unless an elongating RNAP encounters either structure. Upon transcription arrest and recruitment of TCR factors, the lesion is repaired via NER and transcription may resume. 
